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ANNOTATION

[Text] This book explores problems encountered by developers of space
vehicles for descent and landing in studying vehicle structure and condi-
tions of motion. Methods for the parametric calculation of different
types of descent vehicles are presented, the problem of searching for
optimal parameter values is formulated, and methods of physical modeling
are described.

Analytical methods of studying the dynamics of soft landing are presented.
The results of applying these methods are fully acceptable for practical
. engineering computations in terms of accuracy and scope. The book can be
A useful to designers of space vehicles, to scientists, and to those engaged
in studying problems of descent and landing, as well as for graduate and
undergraduate students of institutions in the appropriate specilalties.

PREFACE

The book is devoted to problems of space vehicles descending to and landing
on planets. Success of space engineering in this direction is obvious;
man-made space vehicles are landing on the Moon, Venus, and Mars and return-
ing successfully to Earth from orbits and interplanetary trajectories.

Current publications at home and abroad describe methods for calculating
trajectories, gas dynamics, and heat transfer during the motion of a space
vehicle through the atmosphere. As a rule, these books contain techniques
and algorithms that require laboricus numerical computational procedures to
determine even some of the parameters of such space vehicles. Unfortu=
nately, it is impossible to describe precisely all operations in the process
of space-vehicle design and 1t is necessary in practice to search for
analogies and general guidelines in the construction of new space vehicles.,
Methods of approximate parametric design estimates based on simplified com-
putational models and on the results of experiments using methods based on
- the theory of similarity and dimensional analysis must be used to determine
- configuration-of space vehicles working under nmew and unusual conditions.

Obviously, it is impossible to encompass the diversity of problems connected
with landing on a planet and returning to Earth within the limitatioms of a
single book. Even a brief enumeration of these problems with a description
and formulation of the basic tasks to be carried out during the design and
ground-based development of various landing vehicles would require a multi-
volume monograph. The authors of this book have therefore limited them-
selves to considering only the basic questions connected with the design of
future descent and landing vehicles and with the illumination of problems
that have to be solved in the near future.

1
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Problems of descent into the atmospheres of various planets are treated in
Part 1, which also presents the results of calculations of design and
research tasks connected with determining the configuration and motions of
descent vehicles. 1In particular, for descent to Earth, the conditions of
motion based on load-factor criteria for piloted space vehicles are substan-
tiated for entry into the Earth's atmosphere at hyperbolic velocity, and an
. approximate mathematical model is proposed for calculating a controlled
descent trajectory. By using parametric computations, optimum loading on
lifting surfaces suitable for a descent to Mars is determined; for Venus,
optimal descent trajectories are determined based on the conditions at tran-
sition to the subsequent descent into denser layers of the atmosphere; and
modern concepts have been formulated for design phase calculations of the
characteristics of a planetary sounding vehicle for a descent to Jupiter.

Problems associated with space vehicles making contact with the surfaces of

planets and the related problems of landing-gear design can, to a certain

known degree, be separated and considered independently of the problem of
- wotion in the atmosphere and during the touchdown braking phase. Part 2 of
the book 1s devoted to the set of problems that arise during the development
of landing gears, including theoretical methods of calculating the dynamics
of soft landing, methods for modeling and designing support kinematics,
designing shock absorbers, and improving the stability of landing systems,
and the experimental verification of theoretical results using full-scale
mockups and dynamically similar models.

Part 2 of the book substantiates the techniques for the physical modeling

of soft landirng under Earth conditions. The derivation and analysis of con-
- ditions of similarity are presented, which are necessary for the simulation

of processes of landing on the Moon and other planets. Such simulations are

required for the ground-based development of landing vehicles.

The book can be useful to specialists in designing and developing landing
systems for lunar, Venusian, Martian, and other descent vehicles, to those
studying the specific problems of the mechanics of landing and thermodynam-
ics of descent, and to students of appropriate specialties.

The authors are grateful to candidates of technical sciences A. F. Yevich
and R. P. Belonogov for useful counsel and the comments they made in review-
ing the manuscript, and to engineers A. I. Goncharov, A. I. Burtsev, Yu. V.
Zakharov, and V. F. Malykhin for help in preparing manuscript materials for
publication.

The authors will gratefully accept all comments that readers might have
about this book.
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PART ONE

LANDING OF SPACE VEHICLES ON PLANETS
WITH AN ATMOSPHERE

This portion of the book is devoted to problems of space-vehicle descent
through the atmospheres of Earth and planets. The wide circle of special~
ists is familiar with books and texts that present methods for computing

and generalizing the problems of thermodynamics of descent (for example,
Refs. 1, 20, 40, 43). 1In these works, the emphasis is on obtalning apptoxi~
mate relationships of a general character suitable for qualitative conclu-
sions at the preliminary design stage of analysis. The methods and results
of analytical assessments presented in this literature are no doubt useful
to persons beginning to study the problems of motion of traditional descent
vehicles in an atmosphere.

However, space engineering continues to develop; new vehicles use modern
technology and employ many different specialists. These specialists need
more than just general information on ballistics and thermodynamics of
descent; they are interested in the professional aspects of designing new
flight vehicles. It is just for this reason that the present book attempts
to throw light on the problems of designing future descent vehicles. The
characteristics of descent to each of the planets are considered within only
one of the two parts, with the authors intentionally limiting themselves to
the exposition of general relationships and basics and to specific engineer-
ing aspects of descent under conditions characteristic for each planet. The
goal was to capture the problem as a whole, to compare the varicus possible
engineering solutions for each type of descent vehicle, and to establish the
general outline inherent to the conditions of motion and shape of future
descent vehicles.

Part 1 of the book explores questions of selecting the descent mode and cal-
culating design characteristics of future descent vehicles. To start with,
the design features peculiar to descent vehicles and which differ from those
of other component systems of space rocket systems are presented in general-
ized form. The typical design search problem that has to be solved in any
mechanized design at the top level of research and design selection is
described, that is, in an automated synthesis of the configuration and
structure, with consideration given to the conditione of motion in the
atmosphere. Methods and results of analysis of the conditions of motion are
considered as they apply to the requirements of modeling future vehicles
with weight as the control parameter. Such vehicles, in the authors' opin-
ion, include reusable space rocket systems that return to Earth, as well as
vehicles for landing on Mars or returning to Earth after an interplanetary
expedition. The problem of descent for heavy controlled automated planetary
systems to study Mars and Venus and questions of automated sounding of the
Jovian atmosphere are decidedly of interest.

All of these problems, to some detail, are sequentially illuminated in
Part 1 of the book.

Thus, we will start with the characteristics of descent vehicles that deter-
mine the specifics of designing them, in contrast to the design of other
space vehicles.

2
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CHAPTER 1
CHARACTERISTICS OF DESCENT TO PLANETS WITH AN ATMOSPHERE

Landing on planets with an atmosphere or returning to Earth from space is
one of the most complex and important stages of space flight. The task of
the descent vehicle is to land on the surface of a planet or to Teturn to
Earth with some payload. In landing on a planet, the payload consists of
the scientific research equipment; with returning to Earth, it can be the
fruits of a particular flight program. For manned space vehicles whose pay-
load is the crew and passengers either returning from space or about to land
on a planet, the peiod of descent through the atmosphere represents one of
the most critical stages of the expedition. This is because the descent
vehicle experiences the extreme effects of space flight. The descent vehi-
cle, as well as orbiting vehicles and interplanetary and planetary space
vehicles, operate under conditions of vacuum, weightlessness, solar radia-
tion, and meteoric erosion. However, all these effects, common to all space
objects, assume a secondary significance compared to the effects of the
atmosphere during descent. Approach to the planet and descent into its
atmosphere occur with a speed several times higher than the flight of even
the fastest aircraft, and deceleration from that speed is accomplished by
aerodynamic braking in the atmosphere. The inertial forces acting on both
structure and crew during such braking exceed their weights; heat-shielding
of the vehicle protects 1its airtight cabin from powerful heat flows that
emanate from the shock layer of the gas, heated at the forward part of the
vehicle to several thousand degrees. Besides static loads, the vehicle
experiences vibration and shock loads. The process of braking in the atmos-
phere is, as a rule, short-lived; however, large gradients in load factor,
altitude, flight veloecity, heat flow, and temperature in the various parts
of the structure appear during braking. The extreme loads thus are the
first difference between descent vehicles and other types of space vehicles.

The enumerated characteristics of the process of descent through an atmos-
phere define yet another difference between descent vehicles and other com~
ponent systems of space vehicles. These characteristics make considerable
demands on the reliability of all systems of the descent vehicle. Thus,
while it is possible to abort a flight and return to Earth to save crew and
pavload, or to evacuate a crew with the aid of a supply space ship, it is
almost impossible to rescue the crew from the airtight cabin of a descent
vehicle in an emergency during the braking phase of flight in the atmos-
phere. Let us note that rescue from orbit or from a trajectory of injection
into orbit depends on using the very same descent vehicle, and the proba-
bility of failure of the descent and landing systems thus determines the
safety of flight. Thus, the reliability of the descent and landing systems
has to be higher than the reliability of other subsystems and ships of the
space rocket system.

The third differentiating characteristic of descent vehicles is determined
by the rigid weight limitations placed on the entire space rocket system.

3
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As a rule, descent vehicles operate in the concluding phase of space flight
and each excess kg of welght is equivalent to several kg of weight in the
propulsion systems of the mission system or tens of kg in the initial weight
of the booster. For this reason, problems of optimizing the descent and
landing system by using the weight criterion are important. Also, problems
of minimizing the descent and landing system weight are complex and inter-
esting and require a detailed account of the interplay between the condi-
tions of motion and the configuration of the vehicles. These relationships
determine the fourth difference of descent vehicles from orbital and inter-
planetary ships and stages, namely, the complex dependence of welght charac-
- teristics on those geometric parameters that determine the form of the
descent vehicle. These parameters determine, on one hand, the distribution
of the heat flows and mass of the thermal protection system and, on the
other hand, the 1lift and braking characteristics of the vehicle, which char-
acteristics, in turn, determine the duration, thermal resistance, and load-
factor regimes of the descent trajectory, and, in the final accounting,
determine the total mass of structure, heat shield, and fuel of the propul-
sion system for breking and control.

Only an integrated approach to the problem of optimizing the geometric, com-
ponent, and weight-propulsion parameters of descent vehicles can guarantee
the achievement of reliable results in choosing optimal design solutionms.
Unfortunately, as frequently happens, erroneous cenclusions are drawn about
the advantages of one or another vehicle configuration during the detailed
analysis of nonrelated problems in ballistics, control, or aerodynamics. If
the optimizing of descent-vehicle parameters is based on a weight criterion,
then the computational model has to provide procedures for describing the
configurations, for estimating aerodynamic and centering characteristics,
for modeling of the conditions of motion and heat exchange, and for estimat-
ing the weights of the structure, heat shield, and landing system, while
also considering vehicle loading, detail features, and the requirements
placed on the landing site. For each type of flight vehicle, the computa~-
tional model is constructed differently, and design criteria and limitations
are accounted for differently. Examples are shown in subsequent chapters of
this book of how allowances are made for limitations placed on vehicles
designed for different missions. It is possible to point to several general
, pPrinciples for constructing computational models and to attempt to unify the
general statement of the problem of optimizing parameters of different types
of descent vehicles. It is assumed that use is made of numerical search
methods during optimization and that the choice of design parameters is made
using a system for the automated synthesis of descent-vehicle configurations.

The typical algorithm for design or verification calculations used in a sys-—
tem of automated search and selection of design solutions for descent vehi-
cles as a whole must necessarily include the following specialized computa-
tional models:

1. A module or group of modules for describing the vehicle configuration,
for mathematical modeling of contours, and for computation of dimensional,

4
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volumetric-centering, and layout characteristics. For simply-shaped vehicles
formed by combining several geometric shapes, a special computational routine
has to be provided for the calculation of dimensions, areas, and volumes.

As a rule, the group of modules describing the configuration is combined witi
a special procedure for generating the vehicle shape by using graphic infor-
mation display devices (graphic displays, plotters, or digital printing
devices).

2. A group of modules for the calculation of aerodynamic characteristics.
Different modules are, as a rule, created for different classes of shapes and
different regimes of flow.

3. Mcdules and routines for the computation of the conditions of motion.
These routines can differ by the degree of detail in design estimates, they
can use different principles and procedures of calculation, and they can form

part of the modules for computing aerodynamic and weight-power characteris-
tics.

4. Modules for cumulative calculation of weight-power characteristics.

These modules process and summarize information for judging the appearance of
the vehicle as a whole. Depending on the formulation of the design search
problem, it is possible to include, as part of these modules or separately,
procedures for strength calculations, thermodynamic calculations, computa-
tions of dynamic processes, estimates of cost, synthesis of design layout,
and so forth.

All parameters determining the appearance of a typical descent vehicle can be
divided into several groups. The first group ought to contain geometric
characteristics that determine the external contour of the body. Parameters
in this group are continuous and represent the starting point for calculating
aerodynamic characteristics and, therefore, largely determine the ballistic
design parameters and the thermal stress for the trajectory, as well as the
flow regime around the body and heat exchange in the different zones of the
vehicle's surface. The second group should contain parameters that describe
the control of motion. Among them are the coefficients that shape the pro-
grammed change in the angle of attack or roll, or indicators that determine
the instant of transition from one to another type of control, for example,
motion along a constant altitude, constant load factor, or constant tempera-
ture trajectory.

The third group of design parameters includes the weight-power and design-
- layout characteristics of the descent vehicle. These are primarily dimen-
sions of the structural elements and of the thermal protection system, power
plant parameters, and data that determine the location of compartments and
assemblies onboard the vehicle. Among these parameters can be those that
change discretely or assume only integer values.

5
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The situation becomes more complicated when, combined with an automated
search for configuration and structure of the descent vehicle, different
internal layout schemes and various arrangements for the instruments and
assemblies forming part of the onboard systems are reviewed.

The variables in such a problem of optimization are the configuration param-
eters whose integer values correspond to certain variants of layout or sche-
matic solutions. 1In this case, the task of an automated synthesis of the
structure of the vehicle is formulated as a problem of discrete programming
for whose solution specialized search methods are used as described in

Ref. 23, which also contains the formulation of the problem of synthesizing
the structure of a space vehicle. In the same book, examples are taken from
the practice of space-vehicle design in order to explore the solution to the
problem of opt._mal design thrcugh the use of a system of automated search
and selection of configurations, descent trajectories, design, and weight-
power parameters for different types of descent vehicles. For this reason,
we will limit ourselves here to a descriptiorn of the general formulation for
the problem of searching for design parameters of descent vehicles. We will
present several of the most interesting applications of design calculations
and results from such a search and show the chosen conditions of motion and
configuration of future descent vehicles.

The commor, most typical problem of search for geometric and trajectory
parameters is usually solved at the initial design stage and determines the
appearance of the descent vehicle. Only continuous parameters that belong
to the first and second groups are varied and their values, corresponding to
the minimum of a weight index, are determined. This index can be the mass
of the vehicle or the mass of the descent and landing equipment. The ques-
tion of criteria that determire the goodness of the vehicle in terms of
weight will be posed below as part of the discussion on descent-vehicle pay-
load. The simultaneous optimizing of vehicle shape and of the conditions of
motion is usually formulated as a problem in nonlinear programming and is
solved with the aid of known numerical search methods based on a stepwise
progression through the parameter space to arrive at the optimum variant.
The values of the design parameters for a descent vehicle determine the state
vector of the system to be optimized:

XXy, Xysenes Xppenny X).

To each value X(k) of this vector corresponds & value F(k) of the object
function ¢(X) and the values

(), , (k) (k)

:yZ yeee Yj ,---y(k)

m

of the functional constraints Yl(x), Y ®, ceey Y (i), eees Ym(i)' Here
the vector X is defined over the set R, which is cgnstrained due to the
range of variation of each variable determined by inequalities of the type:

By £ Xj s i (constraints of the first type) (1.1)

6
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and also due to the functional comstraints, that is, due to inequalities of
the type

Yj X) < 5,0 (constraints of the second type) (1.2)

The goal of the optimization is to find the best value of the criterion
Fopp for XER. The goal of the search is broader and canm result in finding

a whole family of suboptimal solutions. It is among these solutions, which
are close to optimum but differ from it by a number of additional properties
and attributes that cannot be formulated, that the developer will look for
the best variant for the vehicle design applicable to the design limitations
established. By choosing a design variant at the current level of the state
of the art, the designer must know to what degree he departs from the
strictly optimum solution according to each criterionm.

The general goal of design research is broader, and it results in determin-~
Ing the relationships between optimal or suboptimal solutions and the basic
initial data and constraints.

In choosing descent-vehicle design parameters, it is necessary to deal with
a number of criteria that in part are contradictory. As a rule, one of them
determines the achievement of weight goals, a second may target a specific
problem, for example, the achievement of maximum cross range, a decrease in
load factor, or a decrease in the flight velocity at the end of the descent
trajectory before landing. The problem of searching for the best values of
descent-vehicle parameters is thus divided into a number of partial problems
of optimization, for each of which one of the best solutions for a given
criterion is determined with other criteria being considered as constraints.

By letting an optimum "drift" along fundamental constraints, the bounding
sets of optimum solution are determined, that is, the bounding relationships
of the best solutions in terms of each criterion are found while values of
the other criteria are held constant.

Among the criteria or constraints in problems of searching for the best val-
ues of descent-vehicle parameters can be indices of weight or mass for the
whole vehicle, expenditures of the working medium from systems of attitude
control and braking, the value of characteristic velocity of the propulsion
systems, speed of flight at a given altitude, or altitude of flight at a
given speed, load factor, drag, effect of load factor on the crew, cross
range or trajectory turn angle, flight range, temperature, specific heat
flows, or erosion of the surface layers at the heat-stressed points of the
vehicle, thickness or strength of the heat shield, time of flight, or time
of flight through the atmosphere. The choice of criteria and constraints is
determined by the specific search problem and depends on the particular mis-
sion of the vehicle. The mission of the vehicle determines the method for
controlling motion, the type of structure, and class of shapes to be consid-
erad in searching for the vehicle configuration.

7
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In spite of the brevity of the development period of space engineering,
there exists at present a variety of descent vehicles, and this variety pro-
duces the need for some kind of classification. The authors do not pretend
to have an all-inclusive and definitive system for classifying descent vehi-
cle attributes and grant that there are other ways of grouping descent vehi-
cles into classes and groups; in the future, one ought to expect a more sub-
stantiated approach to the classification of descent vehicles.

It is possible, for example, to group descent vehicles arbitrarily according
to the character of thelr payloads, and this will be our first attribute for
their classification. The presence of man on board the vehicle, or, more
correctly, the presence of systems that provide for his ability to live,
work, and participate in the control of the mission, substantially influ-

- ences the composition of the payload, which then is reflected in the appear-
ance of the vehicle and in the trajectories of descent and landing, Descent
vehicles developed for automatic flight can be designed for substantial load
factors, as a result of which the requirement for controlled descent and
high 1ift capability of the aerodynamic shape is removed.

The mission of the vehicle should probably be the second classifcation
attribute. The shape of the vehicle depends on the conditions of entry into
the atmosphere, on the parameters of the atmosphere and gravitational field

_ of the planet, and on the schedule of operations to be performed during
descent and landing.

An additional subdivision according to specific purpose and flight condi-
tions is possible for vehicles intended for operations close to a particular
planet. Descent vehicles can enter the atmosphere either from an approach
trajectory with hyperbolic velocity or from a low orbit around the planet.
In either case, different requirements on the lifting properties of the
vehicle frequently arise. In addition, descent vehicles can either pene-
trate the atmosphere and deliver a payload, or dive through it and return to
an orbit around the planet or to a departure trajectory. In the first case,
delivery is made to either the surface, in which case a special landing gear
is used, or to a predetermined altitude in the atmosphere of the planet.

The external appearance of the vehicle, its configuration, and conditions of
motion in the atmosphere depend to a great extent on the manner in which the
1ift capability of the aerodynamic shape is used. Here we have in mind the
maximum attainable lift-to-drag ratlo, that is, the available lift-to-drag
ratio of a given shape for the assumed layout and centering characteristics.
In flight, the vehicle can be trimmed at some angle of attack to produce a
lift~to-drag ratio less than the available one.

The relatrionship between the lifting and braking properties will serve as a

third attribute for classification, according to which descent vehicles can
- arbitrarily be divided into five categories: Vehicles for ballistic descent

(with zero lift-to-drag ratio); vehicles with low lift-to-drag ratios

(K < 0.4); vehicles with modest lift-to-drag ratios (K = 0.4-0.7); vehicles

8
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wvith significant lifting capabilities (K = 0.7-1); and gliding vehicles with
high lift-to~drag ratios.

_‘ Ballistic descent vehicles, in turn, can have different braking capabilities
and two limiting configurations: A shape with a large aerodynamic braking
device (as a rule, this is a blunt heat shield) or a pointed shape with high
midsection load factor.

There are many methods of classifying aerodynamic shapes having a modest to
large lift-to~drzg ratio. The classes are obtained by means of transforming
various initial configurations to combine several bodies or various

conic and spheric shapes. The variety of all conceivable shapes tasks one's
ability to count them.

Comparisons of different classes of aerodynamic shapes are useful only in
terms of applications to vehicles for specific missions at a given level of
the required lift-to-drag ratio.

One of the widespread means for classifying descent vehicles according to
the method of flight in the atmosphere is based on the differences in con-
trol used during the main segment of the descent trajectory. Descent vehi-
cles can perform a noncontrolled ballistic descent as used in automated
vehicles; they can vary the amount of braking either gradually or in steps
during the flight, thus controlling the descent trajectory without requiring
lift; they can, for a given constant 1ift that corresponds to the trim angle
of attack, change its projection onto the vertical, by controlling the roll
angle, that 1s, by turning about the velocity vector; and, finally, they can
change the magnitude and direction of the lifting force by controlling the
angles of roll and attack during the flight. Roll control can be achieved
relatively simply for blunt-shaped vehicles with a low value of the avail-
able 1ift, inasmuch as rotation about the velocity vector can be achieved
vith gas jets and without changing the balance of the vehicle. Such a
descent, which has been called "slipping," was used for the Soyuz and Apollo
spacecraft.

And finally, the various types of descent vehicles can also be divided
according to structural attributes, which determine the principle of opera-
tion of individual descent and landing systems.

Depending on the manner in which structure and thermal protection of descent
vehicles are used, they can be of the single~ or multiple-use varieties,
with multiple-use descent vehicles, in turn, subdivided according to thermal
protection method ("hot structure," ablative thermal protection, thermal
protection using heat-sink or radiating screen, and so forth).

The landing systems of descent vehicles also influence their appearance and
can be used to differentiate one from another. Thus, we differentiate

between devices for prelanding braking and shock-absorbing devices for soft
landings. For the latter, use can be made of landing gears with different
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energy absorbers in the support mechanism, inflatable balloons, or soft-
landing thrusters, which provide a vertical impulse at the moment of contact
with the surface. The prelanding maneuver devices and braking systems can
consist of wings, liquid-propellant rockets, turbojet or turbofan power
plants, rotor systems with different methods of driving the blades, para-
chute and paraballoon braking devices, and collapsible soft-envelope wings

- with either an inflatable or a rigid airframe.

There are many other ways for differentiating among descent vehicles by
structural features of individual systems. Let us now try to define general
criteria for comparing descent vehicles intended for the same mission, that
is, let us make the transition from the attributes that separate different
descent vehicles to the attributes that unite them.

One of the basic nondimensional criteria used in comparing descent vehicle
characteristics is the weight criterion for descent and landing systems.

The widely~used form of the weight criterion for the descent and landing
System, namely, the ratio of the weight (mass) of the descent and landing
system, Ggeps to the total weight (mass) of the vehicle, Gy, is not correct,
inasmuch as the total weight of the vehicle already includes the weight of
the descent and landing system. Only the ratio of the weight of the descent
and landing system to a reference weight, fixed for all variants of descent
vehicles, can objectively describe the weight improvement of the wvehicle.
Such a reference weight could be the weight (or mass) of the payload, Gry.

Thus, if for two vehicles the weight efficiency, that is, the ratio GCCH/GO’
is 50 percent and 70 percent, and at first glance the difference is only

20 percent of the total weight, in actuality, for given uniform constraints
Placed on the weight of the descent vehicle in terms of total weight of the
Space system, we have to reduce the payload weight in the second vehicle by
nearly a factor of 2 compared to the first vehicle. The ratio

Scen _ Scen/Co (1.3)

1-6G

G cen /Co

"
is 100 percent in the first case and 2.33 percent in the second case. Thus,
for an identical payload weight fraction, the true difference in actual pay-
load weight is 60 percent.

The payload for a typical descent vehicle can be conveniently thought of as
consisting not only of the scientific equipment to be returned to Earth or
delivered to a planet but also all onboard systems, which remain fixed dur-
ing changes of design parameters of the vehicle, that is, in changing from
one variant of the vehicle to another.

In this fashion, the payload includes all that does not form part of the

descent and landing system. As a rule, the descent and landing system
includes the structure of the airtight cabin, the structure of the glider
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or aerodynaiic braking equipment, the thermal protection and thermal insula-
tion, propuision equipment for attitude control and prelanding braking, and
systems that provide for a soft landing. The other onboard systems, namely,
the collection of life~support systems, systems for thermal control, power
generation, and radio communication, and the instrumentation portion of the
control system all form part of the payload of the descent vehicle.

The systems mentioned are arranged in the body of the vehicle, and the man-~
ner of distributing them in the various sections of a given configuration
. determines the volume characteristics and mass properties. One of the non-
dimensional critaria, which indirectly reflects the increase in vehicle
weight with an increase in its lifting capabilities, is defined by the fol-
lowing well-known formula:

Kg = (4.85/8) %pz (1.4)

where V_ is the available volume of the vehicle (in terms of the external
outline}; $ is the total surface of the vehicle. This criterion represents
the ratio of the surface of a given vehicle to the minimum possible surface
for the given volume and can be thought of as a kind of efficiency in using
the vehicle surface.

For vehicles with a fineness ratio close to unity and without wings or otker
protruding surfaces, this criterion is close to unity. The typical descent
vehicle shape with small or moderate lift-to-drag ratios consists of two
bodies: A forward volume and an aft volume (Figure 1.1). The forward vol-
ume can be a segment or a blunted cone, either circular or elliptical. The
aft volume can be spherical or conical. Both volumes are jolned at a common
surface, which can arbitrarily be considered to be a plane, and all aerody-
namic characteristics can be referred to it. This plane, called the lifting
plane, is perpendicular to the plane of symmetry of the vehicle, in which,
as a rule, lie the vehicle center of mass and the center of balance of aero-
dynamic forces.

Aerodynamic forces used for braking and controlling the descent trajectory
are basically generated by the surface of the forward body. In the hyper-
sonic regime of flow, aerodynamic forces are generated by the pressure in
the stream as it is decelerated by the forward part of the vehicle. The
front lifting surface is coated with a thermal protection layer and forms
the heat shield or screen. Side surfaces of the aft body lie in the base
region (region of blanketing), require less thermal protection, and form the
fairing about the payload. The main portion of the required volume of the
descent vehicle is formed by the volume of the aft body and its surface is
larger than the surface of the heat shield, which results in an advantage of
weight, inasmuch as the density of a unit of surface of the heat shield is
two to three times higher than the density of a unit of surface of the base
fairing.

11

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300040031-0



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300040031-0

FOR OFFICIAL USE ONLY

The centering characteristics for this type of vehicle can he compared to
the layout parameters by using the nondimensional criterion , which is
determined for the design trim condition and for the corresponding location

B of the resultant aerodynamic force. The criterion used i1s the ratio between
the minimum possible volume that can be cut from the vehicle by a plane in
which the resultant force lies and one-half of the total available volume.
The minimum possible volume is bounded for this situation by the surface of
the vehicle on the upstream side and by a plane containing the resultant
force acting normal to the surface of symmetry of the vehicle.

The vehicle's center of mass for the design balance condition Is located
along the resultant aerodynamic force. If, by using active devices for
stabilization an¢ control, the attitude of the vehicle relative to the
velocity vector can be controlled before entry into the atmosphere, then, as
a rule, there is no requirement on where the center of mass is along the
resultant. The same has to hold in the case of descent vehicles whose
motion is controlled in accordance with the tasks set.

In any case, whether control is used for reducing the cumulative effect of
- deceleration to an allowable level (descent to Earth), for shaping a shallow
trajectory for approaching the surface with minimum velocity (descent to
Mars), or the injection of the vehicle into the descent regime at the high-
est possible altitude (descent into the atmosphere of Venus), the design
conditions for the flight are determined by the method chosen for control-
ling descent. Any deviation from the desired trajectory due to an off-
design entry into the atmosphere by the vehicle with an arbitrary angle of
attack has to be avoided, as this will lead to failure to achieve the basic
flight objectives. A direct consequence of such an approach in choosing the
conditions of motion 1s the main requirement on the location of the center
of gravity: Its location has to be along the resultant aerodynamic force
for the design angle of attack, and for insignificant deviations from this
angle of attack the vehicle has to be statically stable. Let us agree that
by normal direction we will mean the direction parallel to the lifting sur-
face of the vehicle and by longitudinal direction we will mean the direction
perpendicular to the lifting surface.

Thus, the longitudinal movement of the center of gravity is, as a rule,
unlimited for angles of attack close to the design value. The matter stands
differently with displacement of the center of gravity in the normal direc-
tion, because here we have to relate the centering of the vehicle to the
location of the resultant aerodynamic force, which is almost perpendicular
to the lifting surface. For vehicles with a moderate lift-to-drag ratio,
such a displacement of the center can cause certain difficulties. If the
surface, which passes through the resultant, divides the vehicle volume in
half, then the necessary centering can be achieved without any welght loss.
On the other hand, depending on the degree to which the required location
for the resultant is moved away from the geometric center of the volume of
the vehicle, layout difficulties arise and the ballast weight goes up. The
criteria stated above indirectly reflect the possibilities that exist for
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some forms of vehicles to use the internal volume to attain Improved lift-to-
drag ratios. This is particularly important for those cases where the
required magnitude of the 1ift-to~drag ratio approaches 0,5 to 0.7. Achiev-
ing such a 1lift-to-drag ratio with traditional segmented conic forms, which
retain a good ratio of surface to volume and a relatively small surface of
the heat shield, is difficult for a number of reasons, among them the dis-
placement of the resultant and the attendant poor use of the volume while
maintaining the necessary lateral centering.

To improve further the shape of controlled vehicles for entry into the atmos-
pheres of Earth, Venus, and Jupiter at hyperbolic velocities, let us recall
the relationship between convective and radiative heat flows and the require-
ment for more pointed heat shields. In such circumstances, we have to con-
sider shapes with conic heat shields in a zero angle-of-attack flow.

By replacing the segmented shield of traditional segmented-conic shapes in a
zero angle-of-attack flow (Figures 1.2, 1.3) by a shield shaped like an
obliquely~cut elliptical come, a shape will result that has the same volume
and surface as the segnented cone but with a number of advantages. The main
advantages are: Increased lift-to-drag ratios for given angles of attack;
smaller angles of attack of the 1ifting surface for equal lift-to-drag
ratios; lower structural weight for the lifting envelope of the heat shield
and lower weight of the thermal protection system in those cases where the
radiative heat flows from the shock layer exceed the convective ones (for
vehicles entering the atmospheres of Earth, Venus, and Jupiter at hyperbolic
velocity); and a more advantageous location of the resultant aerodynamic
force from the point of view of the required lateral centering.

The latter circumstance becomes especially important in those cases where it
1s necessary to achieve a higher value of the lift-to-drag ratio (K = 0.7 to
0.8). Obtaining such ratios in a shape with a segmented shield (Figure 1.4)
is difficult, due to the rigid requirements on the location of the center of
gravity, which has to follow the resultant in moving to the upstream side of
the generatrix of the payload fairing.

The centering advantages of the shapes considered can be seen in Figure 1.2,
where the initial and transformed shapes and the location of the resultant
for various angles of attack, corresponding to lift-to-drag ratios of 0.3
and 0.4, are shown.

These advantages are even more apparent for shapes intended for achieving
higher values of the lift-to-drag ratio (K = 0.7 to 0.8). One of the pos-
sible nonsymmetrical segmented-conic shapes and a bi-conic shape are shown
in Figure 1.4. They were generated by substituting an obliquely-cut ellip~
tical conic shield for the segmented heat shield.

The curves in Figures 1.3 and 1.5 show the aerodynamic characteristics for

different angles of attack of the initial and resultant shapes and demon-
strate the first two advantages of the new shapes. We must mention another
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advantage of the bi-conic form, in which the axis of the forward cone, which

forms the surface of the heat shield, is parallel to the velocity vector of
- the impinging flow. The heat shield 1s in a flow at zero angle of attack,
and for such a symmetrical flow it is fairly easy to calculate the aerody-
namic characteristics and the parameters that determine the heat transfer
at the surface of the heat shield. For vehicles that have to fly in night
conditions and particularly for those entering the atmospheres of Earth and
planets at hyperbolic velocities, the latter advantage is considerable.

Zero angle~of-attack flow implies that the forward cone has to be elliptical
with its oblique cut either elliptical or clrcular, as, for example, in the

shape shown in Figure 1.2. TFairings in the base regions of vehicles are, as
a rule, circular cones. Thus, these difficulties in production engineering

of the fuselage and application of thermal protection surfaces are peculiar

only to heat shields with the new shapes.

Neither can we remain silent aboui such a property of the above bi-conic
shapes as their ability to preserve centering characteristics while the
lift-to-drag ratio is increased. The derivatives dX/da and dK/dYT for these
shapes are significantly larger than for segmented-conic ones. Tf we con-
sider the influence of the scatter in centering properties on aerodynamic
characteristics of the finished product, then the mentioned property has to
be classified as a shortcoming. If, however, we consider the system for
controlling centering before flight as part of the flight process, or if we
consider a property such as adaptation of shape and layout to changing
regimes of balanciug (as, for example, for increasing the available lift-to-
drag ratio) as important to the design process, then the property indicated
has to be considered an advantage.

To avoid repeating descent trajectory calculations when changing the mass or
dimensional properties of a vehicle without changing the vehicle shape, it

is useful to develop a method that permits the determination of the trajec-
tory characteristics without having to integrate the equations of motion, if
the descent control is known only in general. Such estimates are also
needed in problems of optimizing vehicle shape when the type of descent tra-
jectory is known, that is, the variation of load factor is kmown as a func~
tion of time or as a function of flight velocity. In the above-mentioned
problems of optimization for each variant of descent vehicle considered, a
design calculation is done that culminates in estimating the weight charac-
teristics of the descent and landing system for different constraints. An
iterative procedure is used to determine the weight during design calcula-
tions, because, in order to determine weight, it is necessary to know the
descent trajectory, which, in turn, makes it necessary to know the loading
on the lifting surface, which, in turn again, depends on the weight of the
vehicle. Also, the computational cases for the majority of descent and
landing systems consider the extreme conditions of flight. The determination
of extreme conditions of load factor, heat flow, temperature, time, and range
of flight is dependent on a series of iterations, in each of which a specific
descent trajectory is calculated.
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The material presented above dictates the basic need for methods to permit
economical use of machine time and approximate determination of trajectory
parameters. Known methods (Refs. 6, 20, 40) are not convenient for design
purposes, as they do not give values for thermal flow loading along the tra-
jectory but only at the end of the calculation. This removes the basic
advantage of such methods for purposes of design search; specifically, the
opportunity is lost to proceed in these calculations directly to the extreme
conditions of flight in terms of load factor and heat transfer. In the pro-
posed method of calculating motion, the type of trajectory is glven by a
combination of control laws that include constant load-factor laws; programs
that, by followiug the given relationship between load factor and flight
velocity, can shape a constant-altitude trajectory or assure that the tra-
jectory will remain within given comstraints of temperature and flight
range.

The unified sequence of control laws defines a whole set of trajectories,
and each trajectory in the set differs only by one design-ballistic param-
eter, namely, the loading on the lifting surface. The independent variable
is flight velocity and, by specifying the switching instants (on the veloc-
ity scale) makes it possible to combine all possible trajcctories into a
single class and to establish general ranges for controlling interactions.

It is sufficient to obtain the variation of speed and altitude of flight as
a function of time in order to estimate the parameters of motion, loading,
heat flow, and temperatures, and, consequently, ablation and heating of the
thermal protection surface.

By integrating the four basic equations of motion, we can determine the
indicated relationships with a precision sufficient for design calculations.
These equations based on generally accepted assumptions (Refs. 1, 6) and
written in the velocity coordinates in a unified form suitable for any
planet are

av 1’41 .
— S e —— — 6; .
s = T ap, 83— gnsin; (1.5)
49 _ KoV v 1y, .
dt—Qnga+g..cosﬂ(——gan V), (1.6)
dH . '
?—-Vsmﬂ, (1.7)
dL -
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where V 1c the flight velocity; 6 is the flight-path angle with respect to
the horizon; g, is the free-fall acceleration at the Earth's surface; g, is
the free-fall atceleration at the altitude of flight in the atmosphere o¥ a
given planet; R, is the distance from the center of the planet to the alti-
tude at which the vehicle is moving; H is the altitude of flight; L is the
range of flight; p is the density of the atmosphere, evaluated at the given
altitude of flight; P, is the loading on the lifting surface. Here

Py = G/(Cy4S) or P, = mg4/ (CXS) where G is the total weight of the vehicle;
Cx is the drag; S is the area of 1ifting surface; and m is the mass of the
vehicle.

- It is assumed that the law according to which density varies with altitude
of flight is known and that by determining the density we have an estimate
of altitude.

The magnitude of the effective lift-to-drag ratio K at any instant of time
determines the control of descent. For a constant angle of attack, the load-
ing P, of the vehicle practically does not change along the trajectory and.
the magnitude of the effective lift-to-drag ratio is determined by the roll
angle y and the available lift-to-drag ratio of the vehicle, Kp, namely,

K =K, cos vy (1.9)

As will be shown in later chapters, the preferable trajectories of motion of
future descent vehicles entering the atmospheres of Earth, Mars, and Venus
will include leveling-off regimes with constant altitude or constant load-
factor plateaus. Transition to the leveling-off regime is achieved after
the atmospheric entry segment, that is, after achieving maximum load factor
or heat-shield surface temperature. Control during the atmospheric entry
phase (permitting flexible response to changes in entry conditions and the
attendant change in vehicle characteristics) uses control algorithms or a
collection of programmed relationships between load factor and time or
between load factor and flight velocity, in order to bring the controlled
object to within established load factor and temperature bounds.

In the simplest case, the atmospheric entry phase can be modeled by a linear
relationship between lcad factor and time. By assuming the angle of entry
into the atmosphere to be small (controlled descent), we assume § * 0;

cos 6 * 1 and sin 6 = 0 in the equations of motion and obtain the following
relationships for the flight phase with a constant rate of increase in load
factor:

(1.10)

o N

o2 Vigg
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o= Me max 2P;
aVi+ kg V2

T, . (1. 11)

n.-—n——r: (1.12)

L-';‘V“T-——c.—.— 173, (1. 13)

where V., is the velocity of entry into the atmosphere; ¢ = (nE max/A'rB)g
is the gradient of the change in acceleration during braking; N, pnax 1S the
maximum load factor characteristic for the given entry corridor and the
avallable 1ift-to-drag ratio of the vehicle; A'rB 1s the interval of time
from the instant of entering the atmosphere (load factor of 0.05 to 0.1 g's)
to the instant of experiencing maximum load factor. If, during the period
of atmospheric entry, a flexible algorithm is used that permits obtaining a
general relationship between the required acceleration and the apparent
velocity for all conditions of entry, then a maneuver will result that pro-
vides for capture of the vehicle (for motion along the upper boundary of the
entry corridor) and injection of the vehicle into a permissible level in
terms of load factor or temperature. Let us assume that we are following a
linear relationship between the longitudinal acceleration Vx and the appar-
ent velocity (Vgy - V), that is, a relationship of the type

Vy=a+b (Vgx - V) (1.14)
This relationship for the longitudinal acceleration is now substituted into
Equation 1.5.

The nominal, or reference, trajectory is common for all conditions of entry,
and in such a case is determined by the following equations, obtained by
integrating the equations of motion with the condition of Equation 1.14 and
using the same assumptions as in the preceding case:

V=v,;—’;- (et —1); (1. 15)
2P, ae®
&4 [Vn"" ":—'(eh— 1)J2 '
c=let 0 (Vig— V)] =3 ; 17
n=[a+6( ) ViRl (1. 17)
a 8 4. @ .
L=V“1—Tt~§ et +-b—2-. o (1.18)
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Immediately after passing the maximm load factor, that is, at the instant
the vehicle is in a state to move further by skipping with a maximm effec-
tive lift-to-drag ratio, the trajectory angle approaches zero and then
changes sign and becomes positive.

The time interval from the moment of entry into the atmosphere to the
instant of passing peak load factor will be designated by At., and flight
velocity at this same instant ty Vg. The constant altitude Tegime of level-
ing off should be started at this time, as the control program generates an
effective lift~to-drag ratio starting with a zero value for the derivative
of the trajectory flight-path angle. Taking this into account, we can inte-
grate Equation 1.5 by assuming the density of the atmosphere to be constant.
We obtain the following expression for the velocity of flight during the
constant-altitude phase:

V= [(1/Vp) + (og4/2P,) (x - trp)] 7 (1.19)

The density of the atmosphere during the constant-altitude phase of flight
equals

- P = (yag pax)/ (V21 + KD (1.20)
Load factor is determined from the expression
ne = Mg payV?)/Vg2 (1.21)

The increase in flight range along the trajectory is determined by using the
formula

AL=L—L,=?._L’L[m (-‘-— s ar - 2Ls ':) -mvl]

e, Ve 2P, 2P, (1.22)

Motion along a constant-temperature trajactory usually begins when the lim~
iting temperature is attained. We will consider that at the instant of
transition to the isotherm the flight time is Aty and the velocity is Vg.
The condition that the equilibrium temperature remain constant means that
along this trajectory there is preserved a constant heat flow in the ther-
mally stressed zone of the vehicle. A formula like the following one is
usually used to estimate the magnitude of the convective heat flow:

We will assume that the magnitude of heat flow will be maintained at the
attained value qg- With the control system providing for motion along the

isotherm, the density of the atmosphere in this case will depend on flight
velocity in the following fashion:
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1
()

Integration of the equation of motion (Equation 1.5), with the condition of
Equation 1.24 and assuming that the flightwpath angle is zero, ylelds the
following relationship between flight velocity and time:

n—m 1 m
V= B'" _h-mfg\m & _ n—m
[V m (cq) 2p, CAW[ @.25)

Load factor as a function of time for a constant~temperature trajectory var-
ies in the following fashion:

n=m 1 tmn
v, _izm ﬂ)”' s n=m .
x[ ~ (c,, 7o (=47, (1.26)

The range for flight along a constant-temperature segment of the trajectory
can be determined approximately by the following formula:

Al=Ll—lm—— 1 X

, . n—m(q 7"__6’3_ m
- m (Cq ) 2P, (n—m+l)
L ‘ 1 LI
mo_n=mo\m &3 0 ay [T :"} 1.27
x[[v. = (c,,) Ty Ar,)] vi.oa.en

The constant-load~factor segment begins after the point of leveling off or
following flight in the constant-altitude regime, Departure from the iso-
therm can also be achieved using a constant load-factor trajectory. Assum-
- ing that the flight-path angle (between the velocity vector and the local
horizontal) is small and assuming a lead factor much larger than the
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magnitude of gy sin 0, we obtain the approximate expression for the trajecw
tory parameters for a constant~load~factor plateau;

v:v,,—_v_l_"i;; gs(1—At,); " (1.28)
H

2Psn,- .

- Vi

AL=L—L,~V,(v—At) — —— g (v—Ar2, (1.30)

Vi+K;

(1.29)

where L., VH’ and At are the initial values of distance, velocity, and time
of fligﬁ't correspondgng to the Instant of transition to constant~load-~factor
= flight, '

All the above relationships are characteristic for different segments of con-
controlled descent, with the control system using the 1ift characteristics
of the vehicle, shaping a shallow trajectory, and thus implementing a law
for varying the load factor as a function of flight velocity.

With the variation of velocity and flight altitude known, it is possible to
estimate heat flow and, hence, the required mass of the ablative thermal
protection layer.

During the preliminary design stage, when a number of approximate models are
used, specific heat flows are computed by correlation formulas. In the gen-
eral case, correlation relationships for estimating heat flows have the form

g, =kQLVLR™, (1.31)
a=ho.VIR, o (1.32)

where q_ and g are the specific radiative and convective heat flows at the
stagnation point of the vehicle; R is the radius of bluntness.

During entry into the atmospheres of Venus and Earth at hyperbolic veloci-
ties, radiative heat flows are comparable to convective ones, while during
entry into the atmosphere of Jupiter, radilative flows predominate. Under
such conditions, the estimation of the optimum radius of bluntness is of
some Interest at the stage of qualitative analysis of braking in the atmos-
phere. Finding the optimum radius of bluntness is important for that class
of trajectories that have been optimized by using the criterion defining the
special problem whose solution determtnes the conditions of motion. TFor
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entry into Earth's atmosphere, this problem turns out to be (as will be shown
in the next chapter) the search for a minimum integral of load factor; for
entry into the atmosphere of Venus, it is the completion of braking in the
upper layers of the atmosphere. TIn this and other cases, trajectories with
constant—altitude plateaus are preferred, followed by further shallow descent
along a constant-load-factor trajectory. Parameters of trajectories of this
type can be determined without integrating the equations of motion; there-

- fore, for vehicles with variable loading on the lifting surfaces, it is pos-
sible to estimate an optimum radius of bluntness for different conditions of
entry into an atmosphere.

The expression for the optimum radius of bluntness is derived from the condi-
tion

d
“Q+)=0. (1-33)

where Qr and QK are the integrated heat flows at the stagnation point.

By considering Equations 1.31 and 1.32, we can determine the optimum radius
of bluntness by using the unit integral heat flows, that is, heat flows at the
stagnation point with radius 1 m:

o4 \™
J &S, VY dr \ 7
m
Ru=| =2 L———1. (134
[kl V8, a3 )
o

In Figure 1.6, the reader can see a typical variation of the optimum radius
of bluntness as a function of speed of entry into the Earth's atmosphere for
vehicles with different loading on a lifting surface with the available 1ift-
to-drag ratio equal to 0.6. The curves have been constructed for trajecto-
ries corresponding to the lower bounds of the entry corridor with the con-
straint that after passing through the maximum load factor the conditions of
motion correspond to the minimal integrated load factor effect (Chapter 2).

Let us note that the magnitude of the optimum radius of bluntness determined
using Equation 1.34 does in no way imply the need to make the vehicle with
that exact radius of bluntness but only allows us to asseas the correlation
of the integral heat flows at the stagnation point for the given type of
descent trajectory.

The loss in the total heat flow depends on the optimum radius of bluntness,
which is borne out by the curve in Figure 1.7, showing in relative units the
magnitude of the loss in the total integrated heat flows for deviations from
the optimal radius.
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The true value of the optimal radius of bluntness has to be determined by
the mass of the thermal protection material to be ablated and heated at the
stagnation point of the heat shield and its vicinity, while also consider-
ing the mass of the structure that supports the heat shield.

The magnitude of the radius of bluntness has, as a rule, little influence on

- the mass of the vehicle. Here the deciding factors are the dimensions of
the surface of the heat shield and the general curvature of its surface with
respect to the local angles of attack, inasmuch as they determine, on one
hand, the drag of the vehicle, its lifting characteristics, and, therefore,
the thermal stress of the descent trajectory, and, on the other hand, the
mass of the entire shield in terms of the mass-density of a square meter of
area.

Figure 1.1 General View of Descent Vehicle with Modest Lift-to-Drag Ratio
Key:

Heat shield
Forward volume
. Payload fairing
Aft volume
Lifting surface
. Center of mass

LW
P .« .
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Figure 1.2. External Contours and the Location of the Resultant Aerodynamic
Force of Segmented-Conic and Bi-Conic Shapes of Vehicles with

Small Lift-to-Drag Ratio
Key:
1. Center-of-mass locations
2. Lifting surface angle of attack

— —— Vehicle with segmented heat shield
—— Vehicle with heat shield in the shape of an obliquely-cut cone
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- Figure 1.3. Aerodynamic Characteristics of Segmented-Conic and Bi-Conic
Shapes at Various Angles of Attack for Vehicles with Small
Lift-to-Drag Ratio
Key:

Vehicle with segmented heat shield

——— Vehicle with heat shield in the shape of an obliquely-cut cone
1. Tifting surface angle of attack
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Figure 1.4. External Contours and the Location of the Resultant Aerodynamic
Force of Segmented-Conic and Bi-Conic Shapes of Vehicles with a
Modest Lift-to-Drag Ratio

Key:
1. Center-of-mass locations
2. Lifting surface angle of attack

— — — Vehicle with segmented heat shield
——— Vehicle with heat shield in the shape of an obliquely-cut cone
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Aerodynami c Characteristics of Segmented-Conic and Bi- -Conic
Shapes at Various Angles of Attack for Vehicles with Modest

Lift-to-Drag Ratio

Figure 1.5.

Key:

Vehicle with segmented heat shield
Vehicle with heat shield in the shape of an obliquely—cut: cone

1. Lifting surface angle of attack
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Dependence of the Optimum Radius of Bluntness on the Speed of
Entering into the Earth's Atmosphere

1. loading P, on the lifting surface (N/mz)
2. Yy (km/s)
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Dependence of Total Heat Flow Loss on the Radius of Bluntness
(Q is the heat flow in the bluntness region of radius R;

R = R/Ropts 4Q = (Q = Qopt)/Qupt)
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CHAPTER TWO

PROBLEMS CHARACTERISTIC FOR THE RETURN TO EARTH FROM NEAR-EARTH
AND INTERPLANETARY SPACE FLIGHTS

Most questions related to the development of future descent vehicles deal
with problems of descent through the Earth's atmosphere. It is in this
atmosphere and in near-Earth space that the majority of new engineering
solutions are verified.

The return to Earth for interplanetary, piloted flights is usually related
to expeditions involving flight around Mars and Venus, with automated sound-
ing of these planets or landing on the surface of Mars. The velocity of
entry into Earth's atmosphere exceeds escape velocity and reaches 16 to

17 km/s. By studying Figure 2.1, we can see how the required magnitude of
the lift-to-drag ratio K, varies with changes in entry velocity (for a con-
stant maximum total load factor of 10 g's). We also see the variation in
magnitude of the maximum load factor Npax for the vehicle (for several con-
stant values of the 1ift-to-drag ratio K). Finally, we also see that the
lift capability of the vehicle provides a corridor of entry into the atmos—
phere with a height of 20 km. The following conclusion can be drawn from
calculating the limiting descent trajectories, as generalized in the graph:
If we use current estimates of navigation accuracy in the planetary
approach portion of the trajectory and if we want to use traditional descent
principles (vehicle of modest lift-to-drag ratio with roll control), then we
run into load factors during descent whose maximum value will be the same as
was experienced during the first flights into space (8-12 g's), with the
time of braking in the atmosphere increased by a factor of 2.

If we now turn to the relationship between maximum load factor and time, as,
for example, shown in Reference 12 and in Figure 2.2, we can determine by
using simple estimates the maximum load—factor effect that can be tolerated
by the crew for optimum posture of each crew member with respect to the
acceleration vector (~78° to the spinal column in a chest-to-back direction).
The situation is aggrevated by the fact that the crew will have become decon-
ditioned due to prolonged flight under weightlessness. In such conditions,
the load-factor effect on the crew exercises an essential influence on the
choice of the regime for braking in the atmosphere, and to determine the cri-
teria that model the load-factor effect becomes one of the basic tasks of
ballistic design research.

Let us first consider those general criteria that describe the maximum per-
missible level of acceleration. Having seen the relationship between load
factor and the limiting time of action (shown in Figure 2.2), we note that
the limiting time that man can sustain a certain load factor increases
sharply with a decrease in load factor. For example, by reducing the load
factor by a factor of 2, from 10 down to 5 g's, the time of tolerance
increases from 115 to 650 s, that is, approximately by a factor of 5 to 6.
An even more striking change is obtained for a further reduction of the load
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factor below the level characteristic for the segment of entry into the
atmosphere. It is logical to assume that, by having reduced the load factor
during the basic stage of braking yet having preserved its maximum value at
the moment of entry into the atmosphere, that is, by maintaining the speci-
fied corridor of entry for the vehicle with modest 1ift-to-drag ratio, we
will lower the cumulative load-factor effect on the crew.

The quantitative side of the cumulative load-factor effect can be conven—
iently estimated by introducing the concept of a maximum (permissible)
effect impulse J-,, which is determined as the product of the load factor
acting and the limiting time corresponding to this load factor. Determining
the effect impulse makes it opossible to construct a system of nondimen-
sional cumulative load-factor criteria.

Let us turn to Figure 2.3, which shows two curves for the maximum~effect
impulse as a function of load factor, with the lower curve corresponding to
a body that has been weakened by the effect of weightlessness. These curves
show an interesting relationship, namely: As the velocity of entry into the
atmosphere increases, the maximum permissible load factor, that is, the load
factor that can be sustained by a body, decreases. Indeed, the dashed hori-
zontal lines in the figure define levels of different required effect
impulses that correspond to velocities of entry into the atmosphere of 12,
15, and 17 km/s. The points where the horizontal lines cross the curves of
maximum impulse give the maximum load factor for the condition that braking
is occurring with a constant load factor of this magnitude, that is, for the
coadition of isoload-factor braking. It is easy to establish that the maxi-
munm load factor for a pilot in top condition drops in this case from 10 g's
for a velocity of eatry into the atmosphere of 12 km/s down to 8 g's for an
entry velocity of 17 km/s (for vehicles that have an available 1lift-to-drag
ratio of 0.5).

The example considered once again shows that in estimating load-factor
effects it is not enough to operate solely on the basis of load-factor mag-
nitude but that it is necessary to introduced criteria that, based on the
maximum impulse, determine the magni